Transgenic BY-2 cells stably expressing a GFP (green fluorescent protein)-tubulin fusion protein (BY-GT16) were subcultured in a modified Linsmaier and Skoog medium. The BY-GT16 cells could be synchronized by aphidicolin and the dynamics of their microtubules (MTs) were monitored by the confocal laser scanning microscopy (CLSM). We have succeeded in investigating the mode of reorganization of cortical MTs at the M/G 1 interface. The cortical MTs were initially organized in the perinuclear regions and then they elongated to reach the cell cortex, forming the bright spots there. Subsequently, the first cortical MTs rapidly elongated from the spots and they were oriented parallel to the long axis towards the distal end of the cells. Around the time when the tips of the parallel MTs reached the distal end, the formation of transverse cortical MTs followed in the cortex near the division site, as we had previously suggested [Hasezawa and Nagata (1991) Bot. Acta 104: 206, Nagata et al. (1994) Planta 193: 567]. It was confirmed in independent observations that the appearance of the parallel MTs was followed by the appearance of the transverse MTs in each cell. We found that the transverse MTs spread through the whole cell cortex within about 20-30 min, while the parallel MTs disappeared. The significance of these observations on the mode of cortical MT organization is discussed.
Introduction
The appearance and collapse of the characteristic structures of microtubules (MTs) during the cell cycle progression of higher plant cells are observed in the following sequence; cortical MTs that control cellulose-microfibril deposition in the cell wall, the preprophase band (PPB) MTs that mark the future division site, the mitotic spindle that segregates the chromosomes, and phragmoplast MTs that are involved in producing the cell plate. The structural changes in the configurations of these MTs are very dynamic and are closely associated with such phenomena as cell division and morphogenesis in plants.
To gain insights into these phenomena, the use of tobacco BY-2 cells has been proved invaluable, since they can be highly synchronized by drug treatments Nagata 1991, Nagata et al. 1992 ). Thus far, we have extensively examined the changes in MT structures of BY-2 cells by immunocytochemical techniques after fixation (Hasezawa and Nagata 1991 . In particular, the events at the cell cycle progression from the M phase to the G 1 phase was observed with this system, allowing the origin of cortical MTs on the nuclear surface to be well-characterized Nagata 1991, Nagata et al. 1994) . It is specially noteworthy that the cortical MTs determine the direction of newly-deposited cellulose microfibrils, resulting in the determination of plant cell shape (Ledbetter and Porter 1963) . Prior to these studies, there was considerable ambiguity about the origin of cortical MTs.
Recently, the labeling of proteins with green fluorescent protein (GFP) has become a common method in cell biology, allowing the dynamic behavior of various proteins to be examined in detail (Cubitt et al. 1995, Ludin and Maturs 1998) . In higher plant cells, GFP has been deployed to demonstrate changes in MTs as revealed by transient expression of the GFP-MBD (MT binding domain of MAP4) fusion protein by particle delivering into bean cells (Marc et al. 1998) , the reorientation of MTs in Arabidopsis thaliana trichomes stably expressing GFP-MBD (Mathur and Chua 2000) and the rearrangement of cortical MTs in Arabidopsis plants, stably-transformed by Agroinfection, expressing GFP-TUA6 (Ueda et al. 1999, Ueda and Matsuyama 2000) . By the development of suspension cultured cells from such stably-transformed Arabidopsis seed-lings expressing GFP-TUA6, we have shown that the MTs at the major parts of the cell cycle progression of these cells could be traced by a time-lapse observation system of fluorescence microscopy without the staining procedure (Hasezawa et al. 2000) . In this earlier report, we demonstrated, for the first time in living higher eukaryotic cells, the MT dynamics throughout mitosis, from the late G 2 phase to the early G 1 phase. We also demonstrated that the MT nucleation from the perinuclear region was followed by the formation of cortical MTs, and this stepwise process was also shown using BY-2 cells stably transformed by GFP-MBD (Granger and Cyr 2000) . However, more detailed changes of cortical MT reorganization, in particular during the cell cycle transition from the M phase to the G 1 phase, could not be followed, because of the rather small size of the Arabidopsis cells, which could not be highly synchronized, and the uneven distribution of the emitting fluorescence. In this study, therefore, we intended to transform tobacco BY-2 cells, which could be highly synchronized with certain drug treatment, by a gene construct encoding GFP-TUA. In fact, we obtained stable BY-2 transformants expressing GFP-TUA, and so we could subsequently follow the dynamic changes of MTs after synchronization with aphidicolin. The outcome of these studies is discussed in relationship to our previous understanding of the reorganization of cortical MTs from the nuclear surface during cell cycle transition from the M phase to G 1 phase.
Materials and Methods

Plant material and synchronization
At weekly intervals, suspension cultures of a tobacco BY-2 cell line, derived from seedlings of Nicotiana tabacum L. cv. Bright Yellow 2, were diluted 95-fold with a modified Linsmaier and Skoog (LS) medium (Linsmaier and Skoog 1965) , as described by Nagata et al. (1992) . The cell suspension was agitated on a rotary shaker at 130 rpm at 27°C in the dark. For synchronization of the cell cycle, 10 ml of 7-day-old BY-2 cells were transferred to 95 ml of the fresh medium and cultured for 24 h with 5 mg liter -1 aphidicolin (Sigma Chemical Co., St. Louis, MO, U.S.A.). The cells were washed with 10 volumes of the medium and then resuspended in fresh medium. The peak of mitotic index (MI) of ca. 70% could be observed at 9-9.5 h after release from aphidicolin. A highly synchronized cell population starting from the M phase was obtained after sequential treatment with aphidicolin and propyzamide (Kakimoto and Shibaoka 1988 , Hasezawa and Nagata 1991 , Nagata and Kumagai 1999 .
GFP-tubulin construct, transformation and selection of transformants
A tobacco a-tubulin cDNA was isolated from a 2-day-old BY-2 cDNA library (Ishida et al. 1993 ) using Arabidopsis a-tubulin cDNA (TUA3; kindly supplied by Dr. Snustad of University of Minnesota) as a probe. The tobacco cDNA was inserted between the BsrGI and NotI sites of the CaMV 35S-sGFP (S65T) vector (kindly supplied by Dr. Niwa of University of Shizuoka), resulting in an in-frame fusion between sGFP and the TUA, connected by an Ala-Gly linker. The GFP-tubulin fusion sequence was then inserted between the BamHI and NotI sites of the modified pBI121 binary vector (Clontech Laboratories, Inc., Palo Alto, CA, U.S.A.), in which the NotI site was inserted between the BamHI and SacI sites in advance, thus placing the inserted sequence upstream of the Nos terminator (Fig. 1) . Agrobacterium tumefaciens strain, LBA4404, was transformed with this construct, and a 4-ml aliquot of 3-day-old BY-2 cells were inoculated with 100 ml of an overnight culture of this transformant as described by An (1985) . After a 2-d incubation at 25°C, the cells were washed four times in 5 ml of LS medium, and were then plated onto solid LS medium containing 500 mg liter -1 carbenicillin and 200 mg liter -1 kanamycin. Calluses, which appeared after 10 d, were transferred onto new plates and were cultured independently.
Establishment and observations of the BY-2 cell lines expressing the GFP-tubulin fusion protein
Independent calluses of about 1 cm in diameter were transferred to 20 ml liquid LS medium in 100-ml Erlenmeyer flasks and agitated on a rotary shaker at 130 rpm at 27°C in the dark. After one month, the cell lines suitable for MT observations were selected by identifying GFP-fluorescent cells by fluorescence microscopy. The cell lines, designated as BY-GT (BY-2 cells expressing GFP-Tubulin fusion protein), were selected and their growth rates accelerated by several methods as described in the Results. Finally, a cell line (BY-GT16) with the most desirable features for our purpose was obtained. The BY-GT16 cells could be maintained by 95-fold dilution at weekly intervals in LS medium with a KH 2 PO 4 concentration increased to 470 mg liter -1 . The GFP fluorescence localized at MTs was clearly observable in living BY-GT16 cells. For time-sequence observations, 2-day-old BY-GT16 cells were transferred into f35 mm Petri dishes with f14 mm coverslip windows at the bottom (Matsunami Glass Ind., Ltd., Osaka, Japan). The dishes were placed onto the inverted platform of a fluorescence microscope (IX, Olympus Co. Ltd., Tokyo, Japan) equipped with a confocal laser scanning head and control systems (GB-200, Olympus). This observation system, which allows us to observe the MT dynamics of BY-GT16 cells with minimal damage, was found to be ideal for our studies. The images of the cells in Fig. 3 , 5, 6, 7 were processed digitally, using Photoshop software (Adobe Systems Inc., San Jose, CA, U.S.A.).
Immunocytochemistry
For staining of MTs, the BY-GT16 cells were treated with 250 mM m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS; Fig. 1 The sGFP-TUA construct used for BY-2 transformation. The construct consists of the sGFP-TUA sequence placed between 35S (CaMV 35S promoter) and Nos ter (nopaline synthase terminal polyadenylation signal) and the NPTII gene (neomycin transferase providing kanamycin resistance) placed between Nos pro (nopaline synthase promoter) and Nos ter.
Pierce Chemical Co., Rockford, IL, U.S.A.) prior to fixation for 30 min. They were fixed with 3.7% (w/v) formaldehyde for 1 h and then placed on coverslips coated with poly-L-lysine. The cells were then treated with an enzyme solution containing 0.1% pectolyase Y23 and 1% cellulase Y-C (both from Seishin Co., Tokyo, Japan) for 5 min, and then with a detergent solution containing 1% Nonidet P-40 for 15 min, as described in Hasezawa and Nagata (1991) . After applying antibodies against tubulins (1 : 1 mixture of mouse anti-a-tubulin and anti-b-tubulin, Amersham Co., Buckinghamshire, UK) for 1 h, the cells were washed with phosphate-buffered saline (PBS; 20 mM Naphosphate and 150 mM NaCl, pH 7.0), followed by incubation with a rhodamine-conjugated goat anti-mouse antibody (Cappel Co., West Chester, PA, U.S.A.) for 1 h. After washing with PBS, the cells were stained with a solution of 20 mg liter -1 4¢,6-diamidino-2-phenylindole (DAPI) for 5 min. The cells were washed five times with PBS and embedded in a glycerol solution as described in Hasezawa and Nagata (1991) . All procedures described above were performed at room temperature. Subsequently, the cells were observed under an epifluorescence microscope (Axiophot, Zeiss, Oberkochen, Germany) or the confocal laser scanning microscope (CLSM) described above.
Transmission electron microscopy
For transmission electron microscopy, BY-GT16 cells were prefixed with 4% glutaraldehyde for 1 h at room temperature by addition of 2 ml 8% glutaraldehyde in 3 mM HEPES buffer (pH 7.0) to 2 ml of the cell suspension. The cells were then rinsed with 6 mM HEPES buffer (pH 7.0) for 2 h, and post-fixed in 2% OsO 4 in 6 mM HEPES buffer (pH 7.0) for 2 h at room temperature. The fixed materials were then dehydrated through an ethanol series and propylene oxide, and subsequently embedded in Spurr's resin (Spurr 1969) . Sections were cut with a Diatome diamond knife on an Ultracut UCT (Leica, Wien, Austria) and stained with uranyl acetate and lead citrate. Preparations were viewed with a JEM-1010 electron microscope (JEOL, Tokyo, Japan).
Results
Transformation of BY-2 cells by the GFP-tubulin construct
To first obtain the gene encoding a-tubulin from tobacco, a cDNA library of tobacco BY-2 cells was screened using the Arabidopsis TUA3 gene as a probe. The identified cDNA, which we called NtTUA, consisted 1,659 bp and encoded a putative protein of 450 residues with a calculated molecular mass of 49,707 (DDBJ accession number, AB052822). This protein showed 95% identity to the Arabidopsis AtTUA6 protein. Subsequently, tobacco BY-2 cells were transformed by Agrobacterium harboring the 35S-GFP-tubulin construct in pBI 121 as shown in Fig. 1 , essentially as described by An (1985) . From this transformation, we obtained 16 independent clones, which were maintained separately on solid modified-LS medium. In the current experiment, we used only clone 16, as it showed sufficient fluorescence at the solid culture stage, when examined by fluorescence microscopy. After several subcultures through agar medium, the clone was transferred to liquid modified-LS medium as described above.
Establishment and characterization of the transformed cell line
Since shortly after transfer to liquid medium the cell lines formed small clumps, they were repeatedly filtrated through 1-mm pore-sized stainless-steel meshes in order to produce fine cell cultures suitable for observing GFP-labeled MTs of the cells. Subsequently, to enhance their growth rates, 15 ml of the stationary stage cells were transferred to 80 ml fresh medium, with the results that the cells could reach the stationary-phase stage in 4 d. After 3 to 4 repeats of this treatment, the growth rate of the cell line increased to that comparable to the original tobacco BY-2 cells. The resulting transformed cell line, designated as BY-GT16 (BY-2 cells stably expressing GFP-TUA clone 16) and showing the bright GFP-fluorescence compared to the original BY-2 cells, could be maintained by 95-fold dilutions at weekly intervals as described above. Superficially, the shapes and sizes of the BY-2 cells and BY-GT16 cells were indistinguishable ( Fig. 2A, B) . However, the BY-GT16 cells emitted bright GFP-fluorescence, which highlighted the gross morphology of the mitotic apparatus (Fig. 2C ). The observed features were similar to those observed by staining BY-2 cells with anti-tubulin antibodies. Therefore, the fused TUA protein used here appeared to be incorporated evenly into the MT structures. The immunoblot analysis revealed that the amount of the fusion protein was less than one-tenth of that of the endogenous a-tubulin, and there was no obvious effect on the endogenous tubulin expression level (data not shown). The BY-GT16 cells also showed similar growth rates as the original BY-2 cells. In 2-day-old BY-GT16 cells, 10-20% of cells were observed in the M phase (Fig. 2D) . The cells could also be synchronized by the same method using aphidicolin as for the original BY-2 cells. Therefore, at the peak of MI, a large number of cells at various mitotic and premitotic stages could be easily observed at one time (Fig. 2E, F and see Fig. 5 ).
Cell synchronization and cell cycle progression of BY-GT16 cells
The MTs were stained and observed by immunocytochemical techniques using anti-tubulin antibodies and rhodaminelabeled secondary antibody to ensure that the GFP-fluorescence of BY-GT16 cells really represented the MTs. The structures shown by GFP-fluorescence and rhodamine-fluorescence were almost overlapping in the cortical MTs (Fig. 3A, B) , the PPB (Fig. 3C, D) , the spindle (Fig. 3E, F ) and the phragmoplast (Fig. 3G, H) . The MTs observed by transmission electron microscopy also showed no abnormalities (Fig. 3I, J) . These results suggested that the dynamic changes in MT configurations of BY-GT16 cells progressed normally, and could thus be followed by real-time observations of GFP-fluorescence.
During the M phase, when various events of cell division occur within a short time period, it is especially important to observe MT dynamics, since MT structures play important roles in such events. Actually, the BY-GT16 cells showed single peaks as high as 60% MI at 9.5 h after release from aphidicolin (Fig. 4) , and of about 80% MI by sequential treatment with aphidicolin and propyzamide (data not shown). These cellsynchronization systems using BY-GT16 are considered very useful for studying various events during cell cycle progression.
Indeed, using these BY-GT16 cells, we could follow the dynamic changes of MT configurations of a certain number of cells in the same optical frame under the CLSM. In this observation system, all the cells progressed normally from the late G 2 phase to the early G 1 phase (Fig. 5) without any disturbance, as determined by scans performed for 160 s at 10-min intervals using a´20 dry objective (UPlanFl, Olympus). In this case, the total observation time was over 3 h, and the period of M phase was estimated to be about 2 h. As this period closely corresponded to that of the original BY-2 cells (Nagata et al. 1992) , we concluded that the observed cell had not been injured by the fluorescence used for the observations, and that cell cycle progression had not been retarded significantly compared to original cell line. Therefore, using this system, the mitotic events involving MTs could be studied in detail. For example, it was observed, as shown in Fig. 5 , that the double PPBs actually induced the oblique cell plate as we reported previously . Within a single cell, the formation and disappearance of the PPB, spindle and phragmoplast were clearly recognizable in this order (Fig. 6) . Subsequently, the short MTs began to be formed in the perinuclear regions.
Time-sequence observations of events at the M/G 1 interface
As described above, we found that the growth of BY-GT16 cells was quite comparable to that of the original BY-2 cells, and that they could be highly synchronized by aphidicolin. More importantly, the emitted GFP-fluorescence faithfully reflected the dynamic changes of MTs from the G 2 phase to the G 1 phase. Thus, we intended to follow the minute changes in fluorescence during the cell cycle transition from late telophase to the early G 1 phase. The observations were carried out with one randomly chosen cell for 40 s at 5-min intervals using a´60 oil objective (PlanApo oil LSM, Olympus). When remnants of the phragmoplast could still be observed, the nascent MTs were recognized on the nuclear surface of the two daughter cells (Fig. 7, 0 min) . From 0 to 12 min, no fibrous The scans were performed at 15-min intervals in a single optical section. 0-30 min, the spindle was developing from prophase to metaphase; 45-75 min, the spindle was changing from metaphase to anaphase; 90-105 min, the phragmoplast was growing; 120-135 min, the short MTs were performed in the perinuclear region. Bar represents 10 mm. N, nucleus. structures could be recognized except for the dim fluorescence that was assumed to originate from free GFP-tubulin in the cytoplasm. After 15 min, the bright spot appeared on the cell cortex (Fig. 7, 15-18 min, arrows) and from there the first cortical MTs elongated (Fig. 7, 18 min, arrowheads) . Then the MT fibers were oriented parallel with, or at a slightly-oblique angle to, the long axis and elongated to the distal end of the cell. Subsequently, transversely-oriented MTs began to form on the cell cortex (Fig. 7, 24 min, large arrowheads), so that both MTs could be seen to cross in the cell cortex (Fig. 7, 24-33 min) . However, the parallel-oriented MTs had a tendency to disappear so that transverse MTs could be predominantly observed in the cell cortex (Fig. 7, 51 min) , which became typical transverse MTs. The observations were repeated in a total of 30 ran- Fig. 7 Time-sequence observations at the M/G 1 interface. The scans were performed on the cell cortex in a single optical section at 3-min intervals. The reorganization of the cortical MTs could be observed in detail. 0 min, on both sides of the division plane (line), daughter nuclei (N) were observed with the rest of the phragmoplast; 0-12 min, on the cell cortex, no fibrous structures could be observed except the dim fluorescence representing free GFP-tubulin; 15-21 min, appearance of the bright spot (arrows) and elongation of the parallel MTs (arrowheads); 24-33 min, appearance (large arrowheads) and spread of the transverse MTs; 51 min, spread of transverse cortical MTs on the whole cell cortex. Bar represents 10 mm. N, nucleus. domly chosen cells. Notably, in almost all the independent cells examined, the parallel oriented MTs could be observed and, only after their formation, the transverse MTs could be identified. Thus, in all cases, the formation of parallel-oriented and transversely oriented MTs could be followed in the same cell. It was confirmed in this study, therefore, that the presence of such parallel-oriented MTs is ubiquitous.
Discussion
The cortical MT is considered to be a critical and decisive structure in the formation of plant cell shape, since arrays of cortical MTs determine the direction of cellulose microfibrils in the primary cell walls, where cellulose constitutes the major component. Therefore, it is important to understand the mechanisms of cortical MT reorganization for studies of plant cell morphogenesis. To follow this process, it is preferable to observe such changes in a non-invasive manner. We have shown in this study that tobacco BY-2 cells, stably transformed by a GFP-NtTUA gene construct by Agroinfection, could grow as rapidly as the original non-transformed BY-2 cells. Most notably, the BY-GT16 transgenic cell line could be highly synchronized by aphidicolin, reaching an MI of 60%, thus allowing the process of cell cycle transition of the M/G 1 phase interface to be studied in detail. Previously, we reported that, by using fixed BY-2 cells that had been highly synchronized by sequential treatment with aphidicolin and propyzamide, two major steps in the reorganization of the cortical MTs could be identified. Short MTs firstly formed in the perinuclear regions, then elongated to reach the cell cortex and subsequently grew more or less parallel to the long axis and towards the distal end of the cells . When these MTs reached the distal end, MTs transversely oriented to the long axis of the cells appeared near division site and then spread throughout the whole cell cortex. This scheme of events was deduced from the successive appearance of the perinuclear MTs, parallel MTs and transverse MTs. In this context, observations of the synchronized BY-GT16 cells revealed that cortical MT reorganization on the cell cortex and cell cycle progression during M phase were comparable to previous observations under immunofluorescence microscopy after staining with antitubulin antibodies. Similarly, recent reports on the fate of MT reorganization using GFP confirmed our previous observations that MTs are organized on the nuclear surface at the M/G 1 interface (Hasezawa et al. 2000, Granger and Cyr 2000) . Furthermore, Hasezawa et al. (2000) reported that the MTs from nuclei elongated and reached the cell cortex, although the later process could not be sufficiently followed. For more detailed observations, we have developed BY-GT16 in this study. Between BY-GT16 and the BY-2 cell line of Granger and Cyr, there were some differences in GFP-fluorescence and cell synchronization. In this study, the GFP-fluorescence was very bright and the peak of MI was as high as 60%. However, the GFP-fluorescence was very low and the peak of MI was 20% in case of Granger and Cyr (2000) . These differences might be due to the constructs used in the transformations; GFP-TUA6 vs. GFP-MBD.
Other than these general tendencies described above, we proposed previously that at the cell cycle transition from the M phase to the G 1 phase, five sequential subphases (I, II, III a , III b and III c ) could be observed by immunofluorescence microscopy after staining with anti-tubulin antibodies . In particular, after MT organization on the nuclear surface and their elongation to the cell cortex, it was observed that the MTs became transiently parallel to the long axis of the cells. Subsequently, transverse MTs were formed at the site close to the division plane. However, in the previous study, several points remained unresolved, since the process was followed by the frequency of observed types in a certain population according to the immunofluorescence microscopy. One point concerned whether all the cells, or only a limited fraction of cells, behaved in such a manner. Although the sequential events from I to III c have been unequivocally confirmed, the possibility that only some proportion of cells behave in such a manner cannot be excluded. However, this question could be resolved if the fate of a single cell could be followed. Indeed, in 30 independent observations, parallel-oriented MTs were, without exception, formed first and then transversely oriented MTs formed. In no case was a reverse of this sequence of events, that is transverse MT formation proceeding parallel MTs, observed. These two kinds of MTs appeared in the different areas of the cell cortex. They seemed to be formed independently, because the cortical MT distribution changed by the formation of new MTs (Yuan et al. 1994 ). These results clearly corroborate our previously deduced scheme. Furthermore, it was found that when the MTs nucleated from daughter nuclei reached the cell cortex (from I to II), they appeared as the bright spots on the cortex. The CLSM observation revealed that thick bundles of MTs nucleated from the nuclei were certainly connected with these bright spots (data not shown). We could also follow the rapid MT changes from the appearance of the spots to the organization of the parallel MTs in a single cell.
The bright spots usually appeared after the disruption of phragmoplast. The first cortical MTs appeared just after the appearance of the bright spots on the cell cortex. The required time, from the appearance of the first cortical MTs that became the parallel MTs on the cell cortex to the appearance of the transverse MTs, was less than 20 min. The time period, from the appearance of the transverse MTs to their spread throughout the whole cell cortex, was 20-30 min. Therefore, the whole process was completed about within 50 min. This time course was estimated from the data with the cells which were 70-80 mm in length, since the long cells had a tendency to have flat surfaces suitable for the time-sequential observation. The question that therefore arises is why such parallel MTs were observed transiently before the formation of typical transverse MTs. One possibility may be that such parallel-elongated MTs could provide a measure of cell length. It appears that as soon as the tips of the parallel MTs reach the distal end of cells, the formation of transverse MTs begins. Subsequently, at about the time when the tips of the MTs reach the distal end of the cells, the cell begins to organize transverse MTs at the basal end of the cells. This process is not inconceivable, since similar MTs were assured to be a measure of cell size in fission yeast (Brunner and Nurse 2000) . As soon as the tips of MTs reach the distal end of cells, destruction of MTs will start. Alternatively, the elongation of these MTs could be of some benefit in distributing tubulin precursors throughout the cells. In support of this possibility, the parallel MTs appeared after the disappearance of the phragmoplast, and the transverse MTs spread after the parallel MTs reached the cell end. These observations may suggest that the tubulin was recycled from the parallel MTs to the transverse cortical MTs after collapse of the phragmoplast. Similarly, proteins involved in the MTOC (microtubule organizing center) might be recycled in the same manner.
The unique observation system developed here with BY-GT16 cells can be applicable to various investigations of cell cycle events involving MTs. For example, changes of MT structures could be minutely observed in the synchronized BY-GT16 cells, and the average times both in metaphase and anaphase could be estimated as about 20-30 min. Furthermore, since changes in MT structures during other phases can be easily performed, we are now attempting to follow the organization of cytoplasmic MTs from the perinuclear region at the G 1 / S interface, and to compare these results with our previous observations (Miyake et al. 1997) . In any case, using this system, the whole MT dynamics can be followed through the cell cycle. Of course, BY-2 cells do not show any cell differentiation, unlike AGT cells (Hasezawa et al. 2000) , which undergo cell differentiation such as the development of tracheary elements. We are therefore following the MT dynamics during the differentiation process with AGT cells. By using these systems effectively, we expect to study various cell events involving MTs in living higher plant cells.
In conclusion, we consider that the whole process involved in the reorganization of cortical MTs has been resolved by the observations presented in this study. However, the mechanisms of nucleation, orientation and arrangement of the cortical MTs, which may concern the actin microfilament and MTOC proteins, still remain unresolved. For such studies, the observation system using BY-GT16 cells may be useful.
